Introduction
============

ΔNp63α is a member of the p53 family of transcriptional regulators that functions as a potent oncogene in squamous cell carcinomas (SCCs) of various origins.[@R1]^-^[@R3] ΔNp63α overexpression is an indicator of poor prognosis for carcinomas of the lung, breast, cervix, prostate and urinary tract, and it is well established that ΔNp63α promotes cell proliferation and blocks apoptosis.[@R4]^-^[@R7] Despite its importance in cancer biology, the mechanism of action of ΔNp63α remains poorly understood. ΔNp63α has been shown to function as a transcriptional repressor of various genes within the p53 network, although the set of ΔNp63α transcriptional targets appears to vary significantly from cell type to cell type.[@R5]^,^[@R8]^-^[@R10] Furthermore, the mechanisms by which ΔNp63α affects target gene expression and promotes cell proliferation are diverse. Specific functions of ΔNp63α may be p53-dependent[@R4] and/or p73-dependent[@R5]^,^[@R10] and may be mediated through the recruitment of histone deacetylases (HDACs)[@R11]^,^[@R12] and/or deposition of histone variant H2A.Z.[@R13] In this study, we have determined that the precise contribution of these various mechanisms differs in a cell type-specific manner. We utilized H226 lung SCC cells, which express wild type p53, ΔNp63α and TAp73, to define the role of p73, HDACs and H2A.Z in mediating transcriptional repression by ΔNp63α. Using an isogenic cell system, we found that knockdown of p73 does not affect the response of H226 SCC cells to ΔNp63α depletion, indicating that ΔNp63α acts in a p73-independent manner in these cells. Furthermore, ΔNp63α knockdown does not affect histone H3 or H4 acetylation at enhancer sites, demonstrating that histone deacetylation is not essential for ΔNp63α-mediated transcriptional repression in these cells. Finally, deposition of histone variant H2A.Z and acetylated H2A.Z does discriminate between classes of genes that are affected by ΔNp63α knockdown and those within the p53 network that are not. In conjunction with other published studies, these results indicate that ΔNp63α utilizes multiple mechanisms to affect gene expression and promote cell proliferation in epithelial and SCC cells, and that the relative contributions of each of these mechanisms vary substantially from cell type to cell type.

Results and Discussion
======================

ΔNp63α drives proliferation of SCC cells independently of p73 status
--------------------------------------------------------------------

ΔNp63α is a potent pro-proliferative factor in basal keratinocytes and epithelial stem cells,[@R3] and it functions as a potent oncogene in squamous cell carcinomas (SCCs) of diverse origins.[@R5]^,^[@R13]^,^[@R14] Loss of ΔNp63α expression in keratinocytes and SCC cells results in decreased cell proliferation via cell cycle arrest, senescence and/or apoptosis, depending on the cell type.[@R4]^,^[@R5]^,^[@R13]^,^[@R15] Little is known, however, about the relative contributions of the p53 family members, p53 and p73, to ΔNp63α-dependent cell proliferation. Previous studies have shown cell type-specific responses; ΔNp63α expression is required to allow for continued proliferation of cells of epithelial origin, yet this phenomenon may be either p53-dependent[@R4] or p53-independent[@R5]^,^[@R10] and either p73-dependent[@R5]^,^[@R10] or p73-independent[@R10] in normal keratinocytes and various SCC cells.

We chose to investigate the role of the various family members in ΔNp63α-dependent cell proliferation in rare SCC cells expressing wild type versions of p53, ΔNp63α and TAp73: H226 lung SCC cells. To test for a functional interaction between these proteins, we generated isogenic cell lines stably expressing shRNAs targeting each mRNA (Gallant-Behm et al.[@R13]; [Fig. 1A](#F1){ref-type="fig"}). The shRNA targeting ΔNp63α (referred to as shp63) is tetracycline-inducible, allowing us to toggle cells between ΔNp63α-competent and ΔNp63α-deficient states by adding or removing doxycycline from the media. As described previously, H226 cells undergo a reversible cell cycle arrest following the loss of ΔNp63α expression ([Fig. 1B](#F1){ref-type="fig"}−E). Our recent studies have demonstrated that H226 cell cycle arrest following ΔNp63α knockdown is p53-independent.[@R13] Similarly, concomitant knockdown of p73 using a constitutive shRNA (shp73) does not rescue the proliferation arrest caused by ΔNp63α depletion ([Fig. 1B](#F1){ref-type="fig"}−E). However, p73 knockdown alone does increase the proliferation rate of H226 cells, confirming the anti-proliferative effects of TAp73 in this cell line. Taken together, these results demonstrate that ΔNp63α drives proliferation of SCC cells independently of p53 and p73.

![**Figure 1.** ΔNp63α drives H226 SCC cell proliferation independently of p73. (**A**) Western blot of H226 cell extracts following 48 h ΔNp63α knockdown or following stable p73 knockdown. Nucleolin and actin serve as loading controls. (**B and C**) Cell proliferation assays performed by direct cell counting. Cells carrying stably integrated shRNAs against ΔNp63α and p73 were pretreated with doxycycline for 5 d prior to seeding to induce ΔNp63α knockdown. In (**B**), 1 × 10^6^ cells were seeded at day 0, and doxycycline was removed from the media at day 10 to allow re-expression of ΔNp63α. In (**C**), 5 × 10^5^ cells were seeded at day 0, and cells were counted after 5 d without any disturbance. (**D**) Sulforhodamine B (SRB) assay of cell proliferation following 5 d of knockdown of ΔNp63α and/or p73. (**E**) Cell cycle profile following 5 d of knockdown of ΔNp63α and/or p73.](cc-12-409-g1){#F1}

ΔNp63α and p53 target gene expression is not affected by p73 status in H226 SCC cells
-------------------------------------------------------------------------------------

ΔNp63α has been shown to function as a transcriptional repressor of a number of genes within the p53 network.[@R5]^,^[@R8]^-^[@R10] In fact, the DNA response elements to which ΔNp63α and p73 bind are indistinguishable from one another,[@R16] and they are highly similar to that of p53.[@R17]^-^[@R19] Thus it has been proposed that ΔNp63α acts as a dominant-negative to the transcriptional activators p53 and/or TAp73, either by direct binding and inactivation or by preventing their access to DNA. With respect to p53, both hypotheses have been refuted; several groups have established that p53 and ΔNp63α do not hetero-oligomerize,[@R20]^,^[@R21] and our recent work using H226 SCC cells has shown that ΔNp63α does not prevent p53 occupancy at its enhancer sites, nor does it prevent p53 from activating transcription of its target genes.[@R13] Furthermore, we found that the two factors affect the expression of largely non-overlapping gene sets, indicating that ΔNp63α utilizes other mechanisms of transcriptional repression in SCC cells.[@R13] With respect to TAp73, work in the Ellisen laboratory has demonstrated that ΔNp63α repression of the p53 target genes PUMA and NOXA in JHU-029 SCC cells is TAp73β-dependent.[@R5]^,^[@R10] Several groups have confirmed that ΔNp63α-TAp73β hetero-oligomerization does occur in vitro, in vivo and on chromatin.[@R5]^,^[@R16]^,^[@R20]^-^[@R22] Additionally, ΔNp63α mRNA,[@R10] total protein[@R5]^,^[@R16] and chromatin-bound protein[@R16] levels were found to exceed that of TAp73 in SCC cells and primary SCC tumors, suggesting that the more abundant ΔNp63α may occupy enhancer sites as homo-tetramers, thereby preventing TAp73 occupancy (model presented in [Fig. 5A](#F5){ref-type="fig"}).

![**Figure 5.** Model of different mechanisms by which ΔNp63α represses transcription in various SCC cells. (**A**) ΔNp63α may evict or exclude TAp73 isoforms from the enhancer site of anti-proliferative genes, thereby acting as a dominant-negative to p73. This mechanism has been observed in primary human keratinocytes,[@R10] JHU-011 head and neck SCC cells[@R10] and JHU-029 head and neck SCC cells.[@R5] (**B**) ΔNp63α may recruit the histone deacetylases HDAC1 and HDAC2 to chromatin, causing the deacetylation of histone H4 at the p53 enhancer and promoter site. This mechanism has been observed in JHU-029 SCC cells.[@R12] (**C**) ΔNp63α may recruit subunits of the SRCAP complex and mediate H2A.Z incorporation to repress RNAPII at anti-proliferative genes in a mechanism that is autonomous of p53, p73 and HDACs. This mechanism has been observed in H226 SCC cells.[@R13]](cc-12-409-g5){#F5}

In order to determine whether transcriptional repression by ΔNp63α is p73-dependent in H226 SCC cells, we utilized our isogenic cell lines expressing an inducible shRNA targeting p63 with or without a constitutively expressed shRNA targeting p73. Our previous studies using H226 cells established three "gene classes."[@R13] Class I genes are those that are induced upon p53 activation using Nutlin-3 or other stimuli; class III genes are induced upon ΔNp63α knockdown; and class II genes are induced under both conditions ([Fig. 2A](#F2){ref-type="fig"}). In this study, we proceeded to investigate the mRNA expression patterns of several class I, II and III genes under circumstances of p53 activation, ΔNp63α knockdown, or the combination of the two, in cells with either wild type TAp73 or p73 knockdown ([Fig. 2B](#F2){ref-type="fig"}). As expected, the class I genes p21 and MDM2 were upregulated upon p53 activation and were not significantly affected by ΔNp63α knockdown, irrespective of p73 status. Interestingly, the expression patterns of the class II and III genes were likewise unaffected by p73 status; the class II genes GJB4 and GGT6 were upregulated by both p53 activation and ΔNp63α knockdown, and the class III genes ZHX2 and HCP5 were only upregulated following the loss of ΔNp63α, with and without p73 knockdown. These results demonstrate that ΔNp63α represses expression of its target genes independent of both p53 and p73 in H226 SCC cells. Taken in conjunction with our cell proliferation studies and other previously published data, this indicates that ΔNp63α utilizes cell type-specific mechanisms of action; while others have shown that ΔNp63α represses TAp73 in its role as a transcriptional activator of pro-apoptotic genes in JHU-029 and JHU-011 SCC cells,[@R10] we have herein demonstrated that ΔNp63α functions as a transcriptional repressor and oncogene in H226 SCC cells by p73-independent mechanisms.

![**Figure 2.** ΔNp63α regulates gene expression in H226 SCC cells independently of p73. (**A**) Flowchart defining gene classes based on microarray and Q-RT-PCR data published in Gallant-Behm et al.[@R13] Genes with an increased expression following p53 activation are referred to hereafter as "Class I." Genes which are upregulated following ΔNp63α knockdown are "Class III." Genes with an increased expression following both treatments are "Class II." (**B**) Quantitative RT-PCR analysis of selected Class I, II and III target genes following 12 h of 10 μM Nutlin-3 treatment, 48 h of ΔNp63α knockdown, or combination treatment, in cells expressing high levels (black bars) or low levels (gray bars) of p73.](cc-12-409-g2){#F2}

ΔNp63α does not affect histone H3 and H4 acetylation at p53/p63/p73 enhancer sites
----------------------------------------------------------------------------------

DNA-binding transactivators and repressors exert many of their effects via site-directed recruitment of chromatin-modifying factors. For example, p53 recruits histone acetyl-transferases (HATs) to the chromatin of its target genes, and histone hyper-acetylation is required for p53 transactivation.[@R23] Recent studies in two independent laboratories have suggested that ΔNp63α can function as a transcriptional repressor by recruiting histone deacetylases HDAC1 and HDAC2 to its target genes. LeBoeuf et al.[@R11] have demonstrated that HDAC1 and HDAC2 bind to and are specifically active at ΔNp63α-repressed promoters in undifferentiated primary keratinocytes, and that HDAC inhibition results in increased H3K9 acetylation at the p53/p63/p73 enhancer site of ΔNp63α-repressed genes. Furthermore, HDAC1 and HDAC2 double-knockout mice phenocopy ΔNp63α-knockout mice, suggesting that ΔNp63α utilizes HDACs to repress the expression of anti-proliferative genes, thereby promoting epithelial proliferation.[@R11] HDACs also play a role in ΔNp63α-mediated repression of pro-apoptotic genes in select SCC cells. Ramsey et al.[@R12] have recently confirmed that in JHU-029 SCC cells, ΔNp63α directly interacts with HDAC1 and HDAC2 in a large molecular weight complex, that ΔNp63α and HDAC1 co-localize to the enhancer site of the pro-apoptotic gene PUMA, and that ΔNp63α knockdown results in increased histone H4 acetylation at the PUMA enhancer site[@R12] (see model in [Fig. 5B](#F5){ref-type="fig"}).

As HDAC recruitment and histone acetylation at select p53/p63/p73 enhancer sites regulate gene expression and proliferation in keratinocytes and JHU-029 cells, we decided to investigate whether transcriptional repression by ΔNp63α in H226 cells is mediated by histone deacetylation. Specifically, we postulated that the antagonistic effects of p53 and ΔNp63α on histone acetylation could vary across gene classes, with class I genes being more sensitive to p53-driven hyperacetylation and class III genes being more prone to ΔNp63α-mediated deacetylation. We therefore utilized chromatin immunoprecipitation (ChIP) to evaluate histone H3 and H4 acetylation at the enhancer sites of a broad selection of class I, II and III genes following p53 activation and/or ΔNp63α depletion ([Fig. 3](#F3){ref-type="fig"}). Interestingly, our analysis revealed that histone acetylation is not a diagnostic marker of p53-dependent activation or ΔNp63α-dependent repression. As anticipated, histone H4 acetylation (AcH4) at the enhancer sites of p53-activated genes (class I and II) is increased upon p53 activation with Nutlin-3 ([Fig. 3A](#F3){ref-type="fig"}, compare red and purple bars to black control bars). Similarly, histone 3 acetylation on lysine 9 (H3K9Ac) is increased at class I and II genes following p53 activation ([Fig. 3B](#F3){ref-type="fig"}). However, it is noteworthy that several class III genes, such as EDN2, NTN4 and ST14, show increased H3 K9 acetylation upon p53 activation, indicating that p53 may still be able to recruit HATs to these enhancers, although these genes remain refractory to transactivation by p53. Surprisingly, neither AcH4 nor H3K9Ac is consistently increased upon ΔNp63α knockdown at these enhancers (compare blue bars to black bars), indicating that ΔNp63α does not inhibit the histone acetylation of its target genes in H226 squamous cell carcinoma cells. In fact, of the 28 enhancers tested, only MDM2 showed a significant increase in H3K9Ac levels following ΔNp63α depletion. MDM2 shows the strongest occupancy for ΔNp63α;[@R13] however, ΔNp63α does not repress MDM2 ([Fig. 2B](#F2){ref-type="fig"}), so the observed increase in H3K9Ac has no significant role in MDM2 expression. Although as a group class III enhancers display lower levels of histone acetylation than class I and class II (compare Y axis values), many class I genes have equally low levels, so the correlation is not absolute.

![**Figure 3.** ΔNp63α does not significantly affect histone acetylation at p53/ΔNp63α gene enhancers in H226 SCC cells. ChIP assays were performed with whole-cell extracts from control cells (black bars), following 12 h of 10 μM Nutlin-3 treatment (red bars), 48 h of ΔNp63α knockdown (blue bars), or the combination of Nutlin-3 treatment and ΔNp63α knockdown (purple bars). Antibodies specific for acetylated histone H4 (**A**) and acetylated H3 lysine 9 (H3K9Ac) (**B**) were used. ChIP-enriched DNA was quantified by Q-PCR for the p53/p63 response elements of each indicated gene. See Gallant-Behm et al.[@R13] for gene maps and amplicon locations. Meta-enhancer values were calculated as the average PCR signal for each treatment group relative to basal values for all response elements tested within a gene class.](cc-12-409-g3){#F3}

Taken together, these results indicate that in H226 cells, gene-specific regulation by p53 and ΔNp63α cannot be explained by the differential action of their known interacting HATs and HDACs. These findings further illustrate that the mechanisms of transcriptional repression by ΔNp63α are cell type-specific; while ΔNp63α mediates histone deacetylation of enhancer sites in keratinocytes and JHU-029 SCC cells, this mechanism of action is not conserved across all SCC cells.

Differential deposition of histone variant H2A.Z at p53/p63/p73 enhancer sites of p53 and ΔNp63α target genes
-------------------------------------------------------------------------------------------------------------

We have recently identified a new mechanism by which ΔNp63α represses expression of its target genes; ΔNp63α interacts with and recruits members of the SRCAP chromatin remodeling complex, which, in turn, deposits histone variant H2A.Z to the transcriptional start site of ΔNp63α target genes.[@R13] As H2A.Z has been shown to act as a transcriptional repressor when localized at or adjacent to transcriptional start sites,[@R24]^,^[@R25] this offers a mechanism by which ΔNp63α may directly modulate the chromatin environment of its target genes to repress transcription (see model in [Fig. 5C](#F5){ref-type="fig"}).

In order to better understand the role of ΔNp63α in regulating H2A.Z deposition at target genes, we performed a ChIP analysis of H2A.Z occupancy at p53/p63/p73 enhancer sites ([Fig. 4A](#F4){ref-type="fig"}). Consistent with H2A.Z's proposed role in transcriptional repression,[@R26] class I gene enhancers show a notable decrease in H2A.Z occupancy following p53 activation (compare black vs. red bars in [Fig. 4A](#F4){ref-type="fig"}, Meta-enhancer). Conversely, class II gene enhancers show little change, and class III gene enhancers show an increase in H2A.Z occupancy following p53 activation. Furthermore, ΔNp63α depletion leads to increased H2A.Z occupancy at most class I enhancers, but not consistently at class II and class III enhancers (compare black to blue bars in Meta-enhancer).

![**Figure 4.** ΔNp63α differentially affects histone variant H2A.Z deposition and acetylation at p53 and ΔNp63α target gene enhancers. ChIP assays were performed with whole-cell extracts from control cells (black bars), following 12 h of 10 μM Nutlin-3 treatment (red bars), 48 h of ΔNp63α knockdown (blue bars), or the combination of Nutlin-3 treatment and ΔNp63α knockdown (purple bars). Antibodies specific for histone variant H2A.Z (**A**) and acetylated H2A.Z (**B**) were used. ChIP-enriched DNA was quantified by real-time PCR for the p53/p63 response elements of each indicated gene. See Gallant-Behm et al.[@R13] for gene maps and amplicon locations. Meta-enhancer values were calculated as the average PCR signal for each treatment group relative to basal values for all response elements tested within a gene class.](cc-12-409-g4){#F4}

It has been shown that H2A.Z acetylation and exchange are coupled molecular processes,[@R27]^,^[@R28] and that H2A.Z acetylation can affect the stability of histone octamers.[@R29] Therefore, we next investigated the level of acetylated H2A.Z at enhancer sites (AcH2A.Z, [Fig. 4B](#F4){ref-type="fig"}). Interestingly, the levels of AcH2A.Z clearly discriminate between genes that are repressed by ΔNp63α (class II and III), and those that are not (class I). Notably, p53 activation (red bars) leads to an increase in AcH2A.Z occupancy at several class II and III but not class I enhancers, and ΔNp63α depletion (blue bars) leads to a slight decrease in AcH2A.Z occupancy in class III enhancers only. Altogether, these observations indicate that whereas class I enhancers undergo effective acetylation-coupled H2A.Z removal upon p53 activation, class II-III enhancers do not. In combination with our previous findings that depletion of H2A.Z leads to de-repression of ΔNp63α (class III) target genes,[@R13] these data suggest that in H226 cells, ΔNp63α represses the transcription of its target genes by a mechanism that is dependent on H2A.Z deposition at target gene enhancers and/or transcriptional start sites.

Final comments
--------------

Altogether, our results in combination with other studies indicate that there are multiple mechanisms by which ΔNp63α may repress its target gene expression: (1) ΔNp63α may bind to and inactivate TAp73 or may prevent its binding to enhancer sites;[@R5]^,^[@R10]^,^[@R16] (2) ΔNp63α may recruit HDACs and thereby modulate H3 and H4 acetylation at enhancer sites;[@R11]^,^[@R12] and (3) ΔNp63α may recruit histone variant H2A.Z to enhancers and transcriptional start sites of its target genes[@R13] ([Fig. 5](#F5){ref-type="fig"}). Notably, these mechanisms are utilized by proliferating keratinocytes and SCC cells in a combinatorial fashion and in a cell type-specific manner.

Materials and Methods
=====================

Cell proliferation assays
-------------------------

All cell proliferation assays were performed as described in Gallant-Behm et al.[@R13] Briefly, H226 lung SCC cells were transduced with a doxycycline inducible shRNA targeting p63 (pTRIPZ vector, CCGAGCTATGTCAGTACTATT) with or without a constitutively expressed shRNA targeting p73 (pLL3.7 vector, GCCCCGGTTAATTTGCATATA). Cell proliferation was assessed by direct cell counting at a single or multiple time points, by sulforhodamine B (SRB) assay, or via cell cycle analysis as described previously.[@R13]

Q-RT-PCR
--------

Cells transduced with one or both shRNAs were treated with 10 μM Nutlin-3 (Cayman) for 12 h to activate p53 or 1 μg/mL doxycycline (Sigma-Aldrich) for 48 h to induce expression of shp63, as described in Gallant-Behm et al.[@R13] Total RNA was then extracted and subjected to quantitative RT-PCR for select p53 and p63 target genes. All primer sequences have been published in Gallant-Behm et al.,[@R13] with the exception of GGT6 (forward primer: TACCACCACGGTGCCATCATCA, reverse primer: AAAACATGGCACCTAGCCCCGT) and HCP5 (forward primer: CCAAGGTTGCGGGTCATGGAGT, reverse primer: ATTGTAATCTGCCCAGGTCTGGATCA).

Chromatin immunoprecipitation
-----------------------------

All ChIP analyses were performed as described previously.[@R30] Briefly, subconfluent H226 cells transduced with the p63 shRNA were treated with 1 μg/mL doxycycline for 48 h and/or 10 μM Nutlin-3 for 12 h and cross-linked with 1% formaldehyde prior to preparation of whole-cell lysates. Cell lysates (1 mg protein) were subjected to ChIP using the indicated antibodies, followed by DNA purification. ChIP-enriched DNA was analyzed by Q-PCR using an absolute quantification method as detailed previously,[@R30] with the indicated primer sets. All antibodies and primers used were previously published in Gallant-Behm et al.[@R13]
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